Spatial-temporal variability of significant wave height (SWH) over the Indian Ocean has been explored in the study. The SWH have been generated for the period 2000-08 using WAM-4C forced by six hourly QSCAT/NCEP blended winds. After a preliminary validation of the model generated SWH, the two dimensional fields of the same have been subjected to empirical orthogonal function (EOF) analysis. Analysis has been carried out separately in four regions, which are oceanographically distinct because of the prevailing wind regimes. These are namely Bay of Bengal (BOB), Arabian Sea (AS), equatorial and off-equatorial southern Indian Ocean (EOESIO) and Southern Indian Ocean (SIO). The first eigenmode accounts for 75%, 83%, 40% and 23% of the total variability for the BOB, AS, EOESIO and SIO respectively. In the BOB the maximum loading is in the northeast corner of the basin due to the predominant northeastward propagation of the waves due to the prevailing strong southwesterly monsoon winds, while in the AS there is an alignment of the maximum loading along the Findlater jet. As regards the other two regions, it can be inferred that there is a trend of increasing loading as one move gradually southwards due to the increase in the strength of the winds.
INTRODUCTION
The Indian Ocean is the third largest of the world's oceans after the Pacific and Atlantic Oceans. The Indian peninsula divides the north Indian Ocean into two tropical basins, namely the Bay of Bengal (BOB) and the Arabian Sea (AS). Though these basins are located in the same latitudinal belt, they exhibit distinct oceanographic features, largely due to the difference in wind patterns blowing over these regions. Winds over the north Indian Ocean reverse twice annually and as a result both the basins are forced by seasonally reversing monsoon winds. During winter, dry northeasterly winds blow over the north Indian Ocean resulting in northeast monsoon, while during summer, there is a wind reversal, with moist southwesterly wind blowing over the north Indian Ocean, resulting in southwest monsoon. Forced by these winds, circulation in the north Indian Ocean has a general eastward direction during summer and westward during winter. Surface circulation changes in both the basins with seasonal reversal of winds, though not necessarily in the same way.
Thus, it follows that understanding the variability of wave heights in the north Indian Ocean requires prior knowledge of the wind variability. Accordingly, in the present study, monthly wind climatology is generated over the entire Indian Ocean using 6-hourly and 0.5°QSCAT/NCEP blended winds for 2000-08. Inclusion of the southern Indian Ocean in the analysis owes its origin to the fact that our aim in the present work is study of the variability of wave heights in the Indian Ocean using numerical model generated outputs. Earlier studies suggest that swell waves which are generated in the extra tropical areas of the southern oceans propagate into the northern Indian Ocean. Thus, while wave forecasting in the northern Indian Ocean, the effect of swell propagation must be taken into account. In this paper the effect of swell propagation from the Southern Indian Ocean is considered. The wave model WAM-4C used in the study has been configured for the entire Indian Ocean covering 30°E to 120°E and 70°S to 30°N.
In general, the swell propagation in the Indian Ocean is always northeastward. During the southwest monsoon, the currents in the BOB and the AS follow the direction of the swells. However, the currents in this region during the northeast monsoon oppose the swell propagation resulting higher amplitudes of the wave heights. During northeast monsoon, the weak currents generated as a result of the lowprevailing winds in the region may not have much impact on the swell wave-current interaction.
Significant wave height (SWH) is a very important wave parameter in ocean engineering studies. Spatial variation of SWH is crucial for studying wave energetics, while analysis of its temporal variation contains elements of wave dynamics. Empirical orthogonal function (EOF) is a widely recognized technique for analyzing such spatio temporally distributed data as two dimensional fields of SWH simulated by a numerical model. The EOF technique decomposes the space-time distributed data into spatial modes ranked by their temporal variances. This technique has been used to compress the spatial variability of the data into a few eigenmodes. As a result, a set of spatial modes and the associated temporal amplitude functions are obtained. The spatial modes provide information about spatial patterns, while the temporal amplitude functions describe the dynamics. The first eigenmode representing maximum variability of the total variance suggests that the spatial structure of the ocean basin is more or less regular in a hydro-dynamic sense. At the same time, a low value for the first eigenmode is representative of the fact that the ocean basin is most probably multi-connected (with the presence of islands or complex geometry and bathymetry).
The EOF analysis is earlier used by Jones et al (1995) and Rao et al (2002) over the Indian Ocean to understand the variability of surface fluxes and wind stress curl. Recent studies of Sharma et al (2007a, b) and Basu et al (2009) have demonstrated wind forecast techniques using EOF analysis in conjunction with genetic algorithm on satellite scatterometer derived winds for the AS, BOB and north Indian Ocean regions separately. However, to the best of the knowledge and belief of the present authors, no study has been reported in the literature so far on the variability of the SWH using EOF in the Indian Ocean.
In the present work, WAM -4C model is used to generate spatially gridded SWH data for nine years (2000-08). Six hourly NCEP blended winds have been used to force the model. In order to understand the variability of the SWH for the Indian Ocean, the entire area is broadly divided into four homogeneous regions on the basis of prevailing wind patterns. The EOF analysis has been carried out separately for each region to understand the wave variability in each of these regions.
METHODOLOGY AND EOF ANALYSIS
The WAM model (WAMDI group, 1988) is one of the best tested wave models in the world. This is operationally used for forecasting sea state on global and regional scales. It is a third generation model in which the two dimensional ocean wave spectrums are computed by integration of the energy balance equation without any prior restriction on the spectral shape. The model is continuously updated, the most recent version being Cycle 4, known as WAM-4C as given by Gunther et al. (1992) .
WAM-4C is used in the present study and is integrated for the period 2000-08 covering the analysis area 30°E to 120°E and 70°S to 30°N. For this study, we have used 6-hourly, and 0.5 degree QSCAT/NCEP blended ocean winds from Colorado Research Associates (http://dss.ucar.edu/datasets/ ds744.4) as forcing to the model. The ocean surface wind data is derived from spatial blending of highresolution satellite data (Seawinds instrument on the QuickSCAT satellite -QSCAT) and global weather center re-analyses (NCEP).
Bathymetry is derived from ETOPO5. Analysis of model computed SWH is carried out using EOF technique for different regions of the Indian Ocean. The BOB region extends from 78°E to 103°E and 25°N to 5°N and the AS region from 40°E to 80°E and 26°N to 5°N. The EOESIO region extends from 30°E to 120°E and 5°N to 30°S and finally the SIO region extends from 30°E to 120°E and 30°S to 70°S. Six hourly SWH are generated for all the nine years. Before carrying out EOF analysis, the model computed SWH are compared with data from DS1 and DS5 buoys at (15.5°N, 69°E) and (14°N, 83°E) respectively. The variability of the SWH is then analyzed with the help of EOF analysis.
Although EOF technique has been elaborately described earlier (Preseindorfer, 1988; Basu et al., 1995) , the salient features are described below for the sake of self-consistency of this paper. Considering ocean points only, let there be a field h(x, y, t) of wave heights. We can write h(x, y, t) as h(i, k) where i = 1, 2, ... M , is a composite spatial index and k = 1, 2, ... N, is the temporal index.
Mean field is defined by
(1)
Using this we can write the covariance of this field as (2) In matrix notation, the covariance matrix is designated as C. Then we can find the eigenvalues of the covariance matrix by solving cx = λx, where λ is the eigenvalue. Then we obtain M eigenvalues [λ 1
, also known as EOFs.
Because of the symmetry and positive definiteness of the covariance matrix, the eigenvalues are real and positive. They are customarily arranged in descending order (λ 1 ≥ λ 2 ≥ λ 3 … … ≥ λ M ) so that the first eigenmode is the most dominant mode and so on. If the eigenvalues are all distinct the EOFs are mutually orthogonal, a fact following from linear algebra. They are also customarily normalized. By virtue of the orthonormality of the EOFs, one can find the p th principal component (PC) for the q th time by taking the following product (using functional notation for simplicity):
By repeating the procedure for all q, one obtains the complete time series of all the PCs. The eigenvectors are mutually orthogonal, provided the eigenvalues are all distinct (found to be true in our case). They are also conveniently normalized.
Afterwards, the parameter field can be expanded in terms of these orthonormalized EOFs in the following manner:
Here h(x, y, q) denotes the model computed significant wave height at q th time. (x,y) denotes the spatial location.
denotes the temporal mean at each grid location, and N is the total number of grid points. E n (x, y) denotes the n th EOF and C n (q) is the n th PC.
RESULT AND DISCUSSION
We begin with a discussion of the wind field during January and July which are typical Northeast and Southwest monsoon months. Climatological monthly winds for these two months obtained from QSCAT/NCEP blended winds are shown in Fig. 1 . In January the northeast monsoon winds are strong with speeds more than 5 ms −1 in the western AS and in the central BOB. The directions are more northerly in the head bay of the AS and BOB, and more easterly in the Andaman Sea. The southwest monsoon winds are the strongest with speeds higher than 10ms −1 in the western AS and larger than 6 ms −1 in the central BOB. Winds at the equator change direction, but are generally weak. The southeast trades are strong, compared to other oceans and extend from about 5°S to 20°S with magnitudes exceeding 6ms −1 during July. During January, the strong winds prevail along the eastern African coast up to 15°S. South of equator, the winds during this period are generally weak. The ocean area from about 40°S to the Antarctic Circle has the strongest average winds found anywhere on the Earth. On
the average, the belt of strongest winds over the Southern Indian Ocean is found between 50°S and 60°S throughout the year, but within that zone the maxima occurs during autumn and spring. The polar easterlies are located at the poles next to the westerlies. They are formed as cold air at the poles, sink and finally begin to move towards the equator. However, as they meet warmer air form the westerlies, they create a polar front located at 60°north and south which is an area of low pressure that often results in storms. Cyclonic storms travel eastward around the continent and are intense because of the temperature contrast between ice and open ocean. These storms generate swells which propagate northward across the Indian Ocean. The study of Greenslade (2005) infers that there are frequent swell systems propagating toward the northeast across the Indian Ocean. The effect of these swells is seen in the BOB and the AS. These are forced by the storm systems that move from west to east along 40°S to 50°S. The Antarctic Circumpolar Current (ACC) is the most important current in the Southern Ocean, and the only current that flows completely around the globe. The ACC, as it encircles the Antarctic continent, flows eastward through the southern portions of the Atlantic, Indian, and Pacific Ocean.
As discussed earlier, WAM-4C is integrated for the Indian Ocean region using 6-hourly winds for 2000-08. The model simulations of SWH are then used for generating monthly climatology. Fig.2 (a,  b) depicts the model computed SWH and its direction for January and July respectively. It can be seen that the SWH is relatively small in January as the winds are weak compared to that of July. In the BOB, the SWH in July varies from 2 m to 4 m, while, the AS experiences high SWH off Somali region with a maximum of 5 m. It is important to note that the wave moving in a northeastward direction generally follows the wind during July in both the basins. However, wave direction in January is not clear and this may be attributed to weaker winds during this period. In the EOESIO region, the SWH is generally increasing southward in both the seasons and the maximum is noticed around 20°S. As the winds are strong in the region 10S-30S in July by 30% compared to that of January, the associated SWH are also high in this period. The wave direction is southward in both the seasons which is opposite to the wind direction. The highest SWH is found in the SIO region around 50°S in both the months with a peak of about 6.5m in July and 4.5m in January. However, the wave direction is mostly northward in these months. Model simulations of SWH are compared with the buoy data of DS5 and DS1, as shown in Fig.3 (a, b) . Fig.3a depicts the comparison at DS5 for 2003 and Fig.3b gives similar comparison at DS1 for 2001. Though the model simulations at both the locations are slightly over estimated, the pattern is in good agreement. The associated relative root mean square (RRMS) error calculated at these locations are about 0.25 (at DS5) and 0.26 (at DS1) respectively. Here, the RRMS denotes the ratio of the root mean square error to the mean of the observations. This is another method of error calculation relative to the observations which is assumed to be true.
The EOF analysis is performed on 9 years gridded model SWH data separately for BOB, AS, EOESIO and SIO regions to analyze its variability as a response of different prevailing wind pattern in each region.
BOB region: The first eigenvector for this region accounts for 75.6% and the cumulative first three eigenvectors account for 85.85% of the total variability in SWH. From the first spatial mode (EOF1) depicted in Fig.4a , one can see that the maximum amplitude is observed in the northeast BOB. The minimum amplitude is seen along the south east coast of India. The amplitude is increasing towards north along the coast. The year-to-year variation of the time series values for PC1 corresponding to the first EOF is depicted in Fig 4b. The possible explanation of the largest loading in the northeast part of the central bay may be the following. The maximum wind speed occurs during the southwest monsoon. Accordingly wave height should in general be maximum in these months as reflected in the plot for the PC1 in Fig. 4b . During the southwest monsoon the dominant direction of propagation of the waves should thus be northeastward. Considering these facts, it is natural to expect that the maximum loading should occur in the northeast corner of the bay as seen in Fig. 4a ig 2: Climatology of SWH in the Indian Ocean (a) January (b) July northeastward propagation of southern ocean swells. The high amplitudes along the coast in the north may be due to shallow depths of the region. Since second and third eigenvectors contribute insignificant variability, the corresponding plots are not shown in this paper. However, the maximum amplitudes of SWH are confined to the head-bay and southwest regions of the BOB corresponding to the respective EOFs. By analyzing the temporal pattern, it is found that the second and third EOFs are representing respectively the pre-monsoon period of April and May and winter monsoon period. During premonsoon period, winds over the head-bay region are relatively strong (5-6 ms −1 ) signifying generation of high SWH in the region. Similarly, during winter monsoon, the northeasterly winds of 6-9ms −1 produce high SWH near southwest region of the BOB. AS Region: In this region the winds associated with the summer monsoon are stronger compared to the winds in BOB. In this basin, the first eigenvector accounts for 83.68% and the first three eigenvectors account for 90.54% of the total variability in SWH. Fig 5a depicts EOESIO Region: Unlike the AS and the BOB, this region experiences no reversal of wind. The southwesterly winds along the 30°S are directed towards western Australia. The winds above this latitude experience a u-turn into southeasterly wind. The wind strength along 30°S is high throughout the year except in May and June. The first three eigenvectors account for 40.9%, 12.3% and 7.6% of the total variability in SWH. The first mode represents high SWH in the eastern part of this region as a result of converging winds of the zone around 30°S during June-September. However, it is very difficult to provide explanations for the second and third modes.
SIO Region: In this region, the maximum wind speed occurs between 40°S and 60°S latitudes throughout the year. The first eigenvector accounts for only 23.6%, while the second and third modes account for 10% and 7.6% of the total variability in SWH. Figs. 7(a, b) show the first spatial and temporal mode of the SWH. As in the previous cases, the combination of these two figures leads to the inference that the SWH is maximum in the central region between 40°S-50°S during June-September. This can be ascribed to the fact that during these months, this region experiences extremely strong winds. The rest of the modes are not significant and also it is not really possible to offer plausible reasons for the variability represented by the modes.
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CONCLUSIONS
For the Indian Ocean region, SWH gridded field data are generated using WAM-4C for the period 2000-08. The model simulation is found to be satisfactory on comparison with available buoy data. Later, the SWH data have been subjected to EOF analysis for identifying the principal modes of variability. Analysis has been done separately for four regions, which are oceanographically distinct from the point of view of patterns of wind variability. For the BOB and AS regions, the first eigenvector accounts for a very high percentage (more than 75%) of total variability. However, in the other two regions three EOFs are required to account for more than 50% of the total variability. This means that the first EOF has its strongest impact on the regular pattern of southwest monsoon winds in the BOB and AS. However, the winds in the other two regions have no systematic pattern, particularly the region south of 30°S is influenced by frequent storm systems. This results in low value of the first eigenmode for these regions. The spatial pattern of the first EOF for the BOB region shows highest loading in the northeast part of the central bay. This is due to the northeastward movement of the waves during the southwest monsoon with its accompanying strong southwesterly winds. Another factor favoring this loading is the northeastward propagation of swells originating in the Southern Indian Ocean. As far as the AS is concerned, the maximum loading as represented by the dominant EOF is found off the Somali coast as a result of prevailing strong winds during the southwest monsoon. In the EOESIO region the maxima is observed in the eastern part between 10°S-30°S latitudes. In the SIO region of the study area maximum can be seen in the central part between 40°S-50°S due to the prevailing strong winds occurring during June-September in the SIO. It can be also observed that the magnitude of the dominant loading increases as one move southwards, which is not surprising since the strength of the winds also increases southwards.
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